Sliver sensor in Fig. 3 ., 2006, 22, 383) , design, fabrication, and optical data acquisition of an array of tiny color changing capsules embedded in a cellulose acetate bar, called the "sliver sensor", have been described. Capsule colors are read by a CCD camera and translated into blue, red and green Kubelka-Munk variables for quantitative analysis. The respective concentrations are determined using prior calibration. The approach may be adapted to different nonbiological analytical problems, as well as in vitro and in vivo applications. To demonstrate this adaptability to potential in vivo use as an example, sensitivity for each target ion was tuned to cover the respective interstitial levels by varying the relative amount of ionophore used in the corresponding microscopic beads. After optimizing the ratio of glucose oxidase (GOX)-containing beads relative to the coupled pH sensing beads and their composition, reversible color response to glucose was obtained in the entire clinically relevant glucose concentration range (10 to 600 mg/dL, 0.55 to 33 mM). Decoupling of pH and glucose sensing from possible variations in interstitial sodium level and buffer capacity is currently being optimized for future in vivo use. In vitro and non-biological applications are also being explored.
Introduction
Design and fabrication of a micro-miniature cellulose acetate bar containing tiny capsules stuffed with different color changing optode type beads, called the "sliver sensor", has been described in Part 1. 1 Besides ions, metabolites such as glucose can also be monitored by immobilizing the respective enzyme together with suitable optode beads in the same compartment. Diffuse reflectance of each capsule can be linked to dye concentration via Kubelka-Munk analysis 2 which is facilitated by incorporating a white capsule in the sliver for optical reference. For data acquisition a simple color CCD camera is used to obtain each capsule's color that are then translated into respective concentrations via prior calibration. Optical detection is therefore an inherent feature of the approach.
The in vitro tests of this device containing a pH, K + , glucose and white reference capsule as reported in this paper, provide a proof of concept for a tiny sensor array for metabolites and electrolytes that is small enough to be eventually implanted in the upper layer of the skin like a sliver. Further in vitro tests are being conducted to achieve, among others, buffer capacity independent glucose sensing. In vivo tests are currently also underway with encouraging results on biocompatibility, nontoxicity and in vivo functionality including short-and long-term sensor life time, to be reported in a separate article.
It is important to note that potential in vitro, as well as nonbiological uses of the sliver sensor are valuable on their own right, and in fact will likely be realized earlier than a fully developed in vivo application. Therefore, the respective concentration ranges of glucose, potassium, and pH typical for the interstitial fluid (ISF) are used in this work for optimizing sensitivity of the respective capsules to demonstrate flexibility of the approach.
Experimental
The sensing arrays prepared as described in Ref. 1, were tested for in vitro responses using (A) a batch system and (B) a flow through system as follows. (A) A complete sensing bar was adhered onto the bottom of a Petri dish (60 mm diameter, 15 mm height) with silicone glue. After the glue was cured, 10 mL of 10 mM phosphate buffer saline (PBS) solution was added and left to stay for at least 3 h for conditioning. To change analyte concentrations, suitable small volumes of a concentrated analyte solution were added. Measurements were carried out at room temperature while gently stirring the solution. (B) A flow through cell made of acrylic resin with a single glass window was used to monitor the sensor color response. The volume of the chamber in the flow through cell is around 70 mm 3 . A sensing bar was adhered onto the bottom of the chamber in the flow through cell with silicone glue. PBS solution was then pumped through the cell at 1 mL/min (linear flow rate: ∼10 cm/min) with a peristaltic pump for conditioning for 2 h. Analyte concentrations were then varied by switching the pump to the respective solutions. Measurements were carried out at room temperature. structures as shown by Eq. (1) in Part 1, 1 the color of the pH sensing capsule depends on pH alone only at a fixed sodium concentration. Therefore, such capsules may be more precisely called Na + /pH sensors. Under normal circumstances sodium is well buffered in the ISF (to within ±2.1%) 3 and therefore capsule color in the application envisioned in this paper will reflect pH with good selectivity.
Typical pH response of the pH sensor in the sliver displayed in Fig. 3A in Part 1 1 is shown in Fig. 1A , together with that of the optical reference in the same sensing array. Solution pH was varied by adding a suitable small volume of PBS containing concentrated NaOH or HCl. Therefore, the concentrations of all ions ("electrolytes") except pH remained essentially constant.
The red color intensity of the pH sensor significantly increased with increasing pH, blue intensity decreased, and the green level was moderately increasing also, corresponding to the perceived color change of the sensor from dark blue to bright orange (images not shown). The RGB color intensities of the white optical reference capsule, however, also changed slightly when varying the pH in the sample solution, mostly due to instability of the light source. In order to eliminate interference by this fluctuation, the relative diffuse reflectance values, rd, were calculated using the respective intensities of the white reference (not shown) and plugged in Eq. (2) in Part 1
1 to obtain the Kubelka-Munk (K-M) variables. The resulting pH dependences are plotted in Fig. 1B . It is noted that the blue intensity values are so low (Fig. 1A) that the corresponding K-M variables are very high, and consequently noisy (see fluctuations in Fig. 1B ).
Potassium response of the K
+ /pH sensitive capsule of the sensing array Figure 2A shows the red K-M functions of the K + /pH, Na + /pH and glucose sensors in a single sensing array in contact with 938 ANALYTICAL SCIENCES JULY 2006, VOL. 22 PBS containing various concentrations of K + . The K + /pH capsule is sensitive to K + , the color changing from green to orange with increasing K + concentration. On the other hand, the K-M responses of the Na + /pH and glucose sensing spots toward K + are both negligible (their small random variations appear to be unrelated to potassium). This reflects a much larger complexation constant of the ionophore bis(12-crown-4) with Na + than with K + : the reported complex stability constants with Na + and K + are 6.3 × 10 6 M -1 and 1.2 × 10 5 M -1 , respectively. 4 
Glucose response of the glucose sensitive capsule of the sensing array
For glucose sensing a mixture of GOX-immobilized microscopic beads and Na + /pH sensing beads was stuffed and entrapped inside a capsule. Glucose in the sample solution diffuses into the sensing capsule across the outer PU membrane and the capsule window membrane. In the ensuing enzymatic reaction gluconic acid is produced leading to a decrease in local pH inside the sensing capsule. This induces the color of the Na + /pH sensing microscopic beads to change accordingly (see Fig. 3A in Part 1). 1 The generated protons accumulate in the capsule due to the moderately hydrophobic PU membrane that amplifies the optical response.
When the CA capsule window membrane ( Fig. 2A , Part 1) 1 was not coated with a PU film, a very weak color response to glucose was observed (not shown). To obtain good glucose sensitivity (Fig. 2B) , a thin polyurethane coating (∼5 μm film) is required (to be explained later). While varying the glucose level, the K-M function of the reference Na + /pH sensing spot remained essentially constant. Figure 3 in Part 1 1 shows an image of the sensor in contact with 300 mg/dL of glucose in PBS as well as the respective RGB color intensities; the corresponding red K-M function variables are plotted in Fig. 2B versus glucose concentration.
The response time (95% response) for each glucose concentration change was around 10 min. The perceived color difference between the glucose and pH sensors is sensitively mapped into numerical values by the Kubelka-Munk theory. Even though the presence of glucose leads to acidification in the glucose capsule, no interference is observed at the pH sensor. Thus, there is no crosstalk among the different capsules of the sliver despite of their microscopic distances from each other. The fact that the K-M function of the reference Na + /pH sensing spot and that of the potassium sensor (latter not shown) remained essentially constant indicates that the background pH and electrolyte concentrations did not change during glucose measurements and that this can be assessed using these capsules.
Discussion
Tuning optode chemistry to achieve desired sensitivity
The color changing chemistry of the sensing array in the sliver sensor is based on optode technology. The usual embodiment of optodes involves a polymeric liquid membrane whose color reflects the concentration of the respective analyte in the solution it is immersed in. For reasons explained above, microscopic optode beads are better suited for filling the capsules of the sliver sensor. The theoretical basis of their operation is summarized in the following. [5] [6] [7] A sodium ionophore, I, and a hydrogen ion selective chromoionophore, L, incorporated in bulk microscopic optode beads, are assumed to form the complex INa + and LH + . To maintain electroneutrality, a lipophilic anion such as tetraphenylborate derivatives must also be present in the optode beads. The following phase-transfer equilibrium takes place with the contacting aqueous phase:
Under the condition of electroneutrality for any one bead, charge balance for the ionic species in the beads can be expressed as:
where C The degree of protonation of the chromoionophore can be expressed as the ratio of protonated to total chromoionophore concentration in the beads, C bead LH +/C bead L,tot . This can be derived when the total concentration of the chromoionophore, C bead L,tot , is equal to that of the lipophilic anion, C bead TFPB -, as follows: (3) where Ka is the protonation constant of the chromoionophore, β is the complex stability constant of the ionophore with sodium ion, C aq H + and C aq Na + are the concentrations of hydrogen and sodium ions in the aqueous phase, respectively, and kH+ and kNa+ are the partitioning constants of the corresponding ions into the bead phase. Mass balances for the sodium ionophore and the chromoionophore were taken into account.
Equation (3) indicates that the degree of protonation of the chromoionophore is a function of the pH in the aqueous solution as long as the sodium background and the total concentration of the sodium ionophore in the optode beads remain constant.
Color response to sample pH is due to a shift between the protonated and non-protonated forms of the chromoionophore in the beads, as expressed by Eq. (1). This color change is detected as RGB intensity changes in diffuse reflectance. According to the K-M theory, these intensity changes are proportional to variations in concentration of the absorbent, i.e., the protonated (or non-protonated, depending on the wavelength observed) chromoionophore concentration, in the beads.
Two different types of bead chemistry was used to make Na + /pH sensors: the same concentrations of chromoionophore and lipophilic anion (0.9 mM each) but two different concentrations of the sodium ionophore (75 mM and 300 mM of bis(12-crown-4), respectively) were adopted. The red K-M function of the Na + /pH capsule of the sliver sensor as shown in Figure 3A (curve a, solid line) shows that good quality fit can be obtained with a suitable nonlinear regression method by using the reported values of the protonation constant of the chromoionophore (ETH5350) Ka = 2.5 × 10 13 M -1 and the ratio of partition constants of Na + and H + into bis(2-ethylhexyl)sebacate (BEHS), the plasticizer of the beads, kNa+/kH+ = 1.145, 4, 5 and leaving the complex stability constant of sodium ionophore (bis(12-crown-4)), β, as a variable parameter. Good fit was obtained also for another set of data using a sensor with the second bead composition (Fig. 3A, curve b) . The estimated β values were 7.7 × 10 6 M -1 and 8.3 × 10 6 M -1 for the Na + /pH sensors containing 75 mM and 300 mM of ionophore, respectively. Given the complexity of the theory involved and the large number of parameters, these values are in good agreement with each other, and the reported value of the complex stability constant of bis(12-crown-4) with sodium ion (β = 6.3 × 10 6 M -1 ). 4 These results also indicate that color data handling of CCD images of the sensing array with the K-M function indeed provides direct information about the concentration ratio of the protonated and non-protonated chromoionophores in the beads. Together with the above theory (Eq. (3)) the K-M values can be directly related to pH in the aqueous solution phase at constant electrolyte background. (Similarly, the concentration of the cation involved in ion exchange can be predicted when pH is
The K-M theory links absorption with diffuse reflectance in a translucent medium that both absorbs and scatters light. Conditions for Eq. (1) in Part 1 1 to be valid are: (1) the particles making up the sheet are much smaller than the total thickness; (2) both scattering and absorbing sites are uniformly distributed throughout the sheet; and (3) the thickness of the sheet is optically infinite. Based on the above results these all hold for the sliver sensor. An exception may be blue intensity that is very low at low pH (Fig. 1A) . The K-M theory is no longer valid for such very low diffuse reflectance which is why the respective values are noisy (Fig. 1B) .
Tuning mass transport in the glucose sensing capsule for broad dynamic range
When the cellulose acetate window membrane is not coated with a polyurethane (PU) film, proper color response to glucose could not be observed. A thin (∼10 μm) CA film covered with PU ∼5 μm in thickness, however, restored the response (Fig.  2B ). This can be explained in terms of mass transport and enzyme kinetics.
For the glucose capsule to measure glucose, the enzyme reaction in the well must be glucose limited. Yet, oxygen concentration in air saturated aqueous solutions is about 0.6 mM at 20˚C. Only the lowest section of the physiological glucose range is lower than this. Both molecules (as well as gluconic acid) diffuse easily in water (D = 6.9 × 10 -6 cm 2 /s for glucose and 2.5 × 10 -5 cm 2 /s for oxygen), 8 and in hydrated CA. Therefore, sensing becomes oxygen limited above 2.2 mM glucose. PU, however, is more hydrophobic than CA and therefore favors oxygen diffusion with respect to glucose. As a result, glucose inside the capsule will be less concentrated than oxygen even at the highest sample glucose levels.
A further beneficial effect of lowering capsule glucose concentrations is that enzyme kinetics may become nearly linear. This is because the Michaelis-Menten constant of GOX is in the 6.65 -19.3 mM range. 9 As long as intra-capsule glucose is below this value the rate of acid generation will be roughly proportional to sample glucose levels. Figure 3 , panel B shows glucose responses in PBS solution by glucose sensing capsules made with different bead compositions but the same capsule window membrane. For the glucose sensor containing 10 wt% of GOX-immobilized beads a plateau of the response can be seen at higher glucose concentrations (< 300 mg/dL), reflecting saturation of the binding site of the enzyme GOX with glucose. This means that capsule glucose concentration may have become much larger than the Michaelis-Menten constant. However, it was found that for a glucose sensing capsule with 30 wt% of GOX-immobilized beads, glucose response improved in this higher concentration range.
A relatively hydrophobic outer membrane may also help alleviate a potential interference by pH buffer capacity in the ISF that varies in healthy to moderately diabetic (but otherwise normal) subjects within ±5.3%. 10 Thus, the same glucose concentration may cause more or less pH change inside the glucose capsule depending on the actual buffer capacity. Variation in the latter depends on the concentrations of buffering anions in the ISF that may buffer also some of the pH response in the capsule. PU being more hydrophobic will decrease not only glucose flux but also the free diffusion of H + , and buffer components. Since protons are more hydrophilic than the much larger glucose molecules they will tend to accumulate inside the capsule thus amplifying the response. Similarly, buffer components are expected to establish a lower 940 ANALYTICAL SCIENCES JULY 2006, VOL. 22 level inside the capsule than without PU. Mass transport influences, besides steady state response, also dynamics. It takes about 10 min to achieve 95% glucose response. Response to potassium requires also around 10 min. This can be rationalized by considering that glucose transport across the moderately hydrophobic PU layer may be more facile than movement of potassium. This is compensated, however, by the lower diffusion coefficient of glucose in the aqueous phase of the capsule. Response to pH is significantly faster, in the order of 1 min. Due to its much smaller size a proton can move in PU faster than either glucose or potassium which explains this finding.
Conclusions
This work demonstrates that the dynamic range of individual sensing compartments can be tuned to the respective concentration ranges of interest by changing the ratio of ionophore and chromoionophore within the microscopic beads. It is also shown that by optimizing the relative amount of GOXimmobilized microscopic beads to pH beads and the ratio of ionophore in the color changing beads, and adding a proper mass transport limiting outer membrane to the capsule, reversible color responses to glucose are obtained within the clinically relevant concentration range.
Advantages of using the optode approach are tunability, bright colors and large color changes, and high lipophilicity of the sensing molecules for efficient immobilization. A disadvantage is the dependence of color on two ionic concentrations in the same time one of which is typically pH. This must be taken into account when the sensor array is to be adapted to a particular application. Obviously, in pH-buffered media the other ions can be monitored. An example for such applications may be certain in vitro experiments where pH is well buffered. Many cellular studies will qualify especially those performed under CO2 control, as well as some clinical applications such as monitoring in the dialysate during kidney dialysis.
Sodium levels vary to a relatively insignificant extent in the ISF, making pH sensing less problematic for in vivo applications. More pronounced interference may be caused by pH buffer capacity. Therefore, it may become necessary to incorporate a polyanionic matrix in the capsule, to electrostatically prevent a good part of these anions from entering the capsule. This and the hydrophobic outer membrane together are anticipated to quench the net effect of ISF buffer capacity sufficiently for in vivo glucose sensing.
For these reasons, and also to evaluate sensor toxicity and long-term functionality in vivo, further efforts will be required to bring the sliver sensor nearer to valid in vivo applications. The concepts described in this work can, however, lead to fully developed in vitro and non-biological applications in the near future. In all these applications, an inexpensive CCD camera may be sufficient for obtaining the necessary color information from the entire sensor array that thus lends itself for contact-less data acquisition.
